Prior work has indicated that the polycistronic lacZYA mRNA of Escherichia coli is cleaved during decay at approximately intergenic sites (L. W. Lim and D. Kennell, J. Mol. Biol. 135: 369-390, 1979). In this work, we characterized the products by using probes specific for the different cistrons. This analysis indicated that six lac mRNA species are present in the following order of decreasing abundance: lacZ, -A, -ZYA, -ZY, -YA, and -Y. Very little lacYA and lacY mRNAs were present, whereas in cells induced to steady state, there was 10 times more lacZ than lacZYA mRNA. The lacZ mRNA appeared as a discrete species extending to a site in the lacZ-Y intergenic space (ca. residue 3150). This site is just distal to a potential rho-independent termination sequence. We examined the function of this sequence to determine whether it contributes to the distribution of the mRNAs. Although the termination sequence was shown to function in vitro, when it was recloned into an expression vector, no termination was seen in vivo. Moreover, direct examination of the kinetics of lac messenger synthesis revealed that after initiation, most transcription continued to the end of the operon. We conclude that during normal growth, the operon is transcribed in its entirety and that the individual lac mRNAs are formed by cleavage. These results confirm earlier work implying that the lac operon is transcribed in its entirety but are in conflict with several recent reports suggesting that internal termination occurs. Our findings indicate that the natural polarity of the operon (lacZ is expressed sixfold more strongly than lacA) is based on posttranslational effects and not on polarity of transcription.
There have been extensive studies of the transcription and decay of the lac operon mRNA (reviewed in reference 18). According to current understanding, the lacZYA mRNA is transcribed polycistronically and then is cleaved at approximately intergenic sites. These cleavages, near the 5' ends of the lacY and lacA transcripts and at an additional site near the 5' end of the lacZ transcript, inactivate the distal mRNAs. The further chemical decay of these mRNAs then occurs as a net 5'-to-3' process. In this process, endonucleolytic cleavages occur on the mRNA that is exposed as ribosomes run off inactivated messages. The resulting fragments are then removed by the 3'-to-5' exonucleases, RNase II, polynucleotide phosphorylase and possibly other enzymes (1, 14, 18) . The endonucleolytic cleavage sites on the lacZ and lacY species have been characterized but the enzyme(s) responsible for the endonucleolytic cleavages has not been identified (7, 34 ). It appears, however, that RNase III is not involved in lac mRNA decay, although it does inactivate a few other mRNA species (2, 18, 27a) . A newly described endonuclease has some properties inferred for the enzyme that cleaves the lac transcripts (6) .
The cleavage of the lacZYA mRNA was first deduced from the observation that the lacA mRNA decays about twice as fast as lacZ mRNA (19) . Subsequently, the cleavage sites were inferred from the size distribution of the mRNA detected by using specific lacZ and lacYA probes (18, 21) . That these cleavages might inactivate the messages was proposed by Lim and Kennell because they found that smaller lac mRNAs did not form initiation complexes in vitro with ribosomes as did lacZYA mRNA (21) . Endonucleolytic cleavages of the polycistronic gal, trp, and malEFG mRNAs have also been demonstrated, and different segments decay at different rates (14, 18) .
To get a clearer view of the fragmentation of the lac mRNA in the course of decay, we carried out a Northern (RNA) blot analysis of the lac mRNA, using probes specific for the individual cistrons. In the course of this analysis, we characterized the lacZ mRNA and found that there is a potential rho-independent terminator located in the lacZ-Y intergenic space at a point close to the end of lacZ messenger. This finding opened the question as to whether termination might contribute to the natural polarity of lac; the lacZ gene is expressed at approximately six times the rate of lacA (3, 17, 40) . This question has been previously addressed, with the conclusion that the operon is transcribed in its entirety (9, 20) . Nonetheless, other, more recent work, described in Discussion, suggests that termination occurs within lac; this finding led us also to analyze the role of the termination sequence in the formation of the lacZ transcript.
MATERIALS AND METHODS
Materials. [ Fig. 3 )
lac'Z-intergenic hairpin (see Fig. 3 )
lac'Z-intergenic hairpin-lacY' (see Fig. 3 used for the preparation of RNA. Cultures were grown in YT medium (24) at 37°C with vigorous shaking. The plasmids used are listed in Table 1 .
The plasmids used for preparing RNA probes for the Northern blots were derived from pGEM1 and pGEM2 (Promega Biotec), which allow for the specific transcription in vitro of the cloned sequences. Plasmid pGM820 contains the first 63 nucleotides of the lac operon message (26, 27) . After linearization of the plasmid with Hindlll, the probe was synthesized with SP6 RNA polymerase as described below. Plasmid pGM830 was constructed by purifying the appropriate lac Yfragment from pGM404 and inserting it into pGEM1, using standard procedures (22) . This plasmid was digested with HindlIl prior to transcription with T7 RNA polymerase. Plasmid pGM840 was constructed by purifying an EcoRI-HindlIl (Table 1 ) from an M13mpl8 clone used previously in sequencing the lacA gene (13 (Table 1) were isolated and inserted into these plasmids. The fragments were purified from acrylamide gels of digests of pGM8 as indicated. EcoRI linkers were added to the blunt ends, and the fragments were digested with EcoRI and inserted into pGM401 and pGM451. Galactokinase assays were performed as described previously (23) . Plasmid copy numbers were determined by assaying for ,-lactamase expression (31) . There was less than 15% difference in the plasmid copy numbers.
In vitro transcription. Plasmid pGM240 was the template for in vitro transcription of the lacZ-Y intergenic region. A 2,392-bp fragment bearing the lambda PR promoter was isolated after digestion of lambda DNA with BglII. It was inserted into pGEM2 cleaved with BamHI to give pGM201. This plasmid was subsequently cleaved at an adjacent EcoRI site, and the lac EcoRI-FspI (EcoRI) fragment from pGM404 was introduced in both orientations to give pGM240 and pGM241. Transcription was carried out essentially as described by Schmidt and Chamberlin (32) . E. coli RNA polymerase holoenzyme was prepared by published methods (12) ; rho was prepared as described by Mott et al. (25) . Size standards for gel electrophoresis were obtained by transcription of plasmids; 102 bases, pGM202 cut with EcoRI; 150 bases, pGM201 cut with PvuII; and 530 bases, pGM202 cut with SphI.
Northern blot hybridizations. Cultures were grown in YT medium to mid-log phase (optical density at 540 nm of 0.6), and lac expression was induced with isopropyl-p-D-thiogalactoside (IPTG; 5 x 10-4 M). Cyclic AMP (5.0 mM) was added 1 min prior to induction. Where indicated, rifampin was added to 300 p.g/ml from a 100-mg/ml stock in dimethyl sulfoxide. Portions (10 ml) were taken at the indicated times and poured onto 2 ml of frozen M9 salts (24) containing 60 mM sodium azide and 1.2 mg of chloramphenicol per ml. After centrifugation for 5 min at 6,800 x g the cells were resuspended in 1 ml of cold lysis buffer (10 (35 ulI, 3 .0 M, pH 5.0) were added, and the cells were lysed at 65°C. An equal volume of hot, redistilled phenol (equilibrated with 100 mM sodium acetate, pH 5.0) was added, and the samples were extracted (22) . Routinely four to five phenol extractions were performed until no visible material was seen at the interphase. The samples were then extracted twice with chloroform-isoamyl alcohol (24:1). Finally, the RNA was precipitated with ethanol (2.5 ml) after addition of 100 .1l of 3.0 M sodium acetate (pH 5.0).
RNA samples (10 jig) were separated by electrophoresis on horizontal 1% agarose gels containing 1.2 M formaldehyde (22) , which were then stained with acridine orange and photographed. The RNA was transferred to a nylon-based membrane (BioDyne; ICN) by capillary action, using 20x SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0). For probing, the blots were incubated at 45°C in prehybridization buffer (50% formamide, 6x SSC, 5 x Denhardt solution [0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin, 0.1% Ficoll], 0.1% SDS, 1 mg of denatured salmon sperm DNA per ml, 50 mM NaPO4, pH 6.5 [35] ). After at least 4 h, approximately 107 cpm of probe (see below) was added to the hybridization bag. Hybridization was carried out for 12 to 16 h at 37 to 65°C, optimized for the different RNA probes. The filters were washed, dried, and autoradiographed, using intensifying screens and Kodak XAR-5 film. Densitometric scannings were performed by using an Optronics drum scanner.
The RNA probes were prepared by transcription of pGEM plasmids with T7 or SP6 RNA polymerase, using [a-32P]CTP (10, 27) . The plasmids ( Fig. 1 and Table 1) were linearized with the restriction enzymes indicated. After transcription, the products were separated by electrophoresis on a 5% acrylamide gel containing 7 M urea, and the desired band was excised and added directly to the hybridization mixture. In addition, several DNA oligomers (40-and 50-mers) were synthesized on a Dupont Coder 300 synthesizer and end labeled with [y-32P]ATP and T4 polynucleotide kinase for use as probes (22) .
Si nuclease analysis. RNA was annealed to a labeled DNA probe and then digested with S1 nuclease as described by Berk and Sharp (4) . The products were separated on an 8% acrylamide-7 M urea gel. The probe was prepared by digestion of pGM8 with EcoRI, and the staggered ends (at position 3058) were 
RESULTS
Characterization of cellular lac transcripts. To determine the identities and relative abundances of lac operon messenger species, we used Northern blot hybridizations with RNA probes. For this purpose, the lac fragments shown in Fig. 1 were cloned into vectors carrying promoters from phage T7 and SP6 so that the inserts could be transcribed in vitro. In addition, several 40-and 50-mer DNA oligomers were synthesized to use as probes. Blots of lacZ-, lacY-, and lacAcontaining messengers can be seen in Fig. 2 . The rRNAs (1,541 and 2,904 bases) in the samples were used for estimating the sizes of the mRNAs as well as providing an internal control. They saturate the binding sites on the nylon membrane at their positions and create "shadows" in the lac mRNA pattern. Figure 2A shows the results obtained by using the 5' lacZ-specific (5'-Z) probe. There is little difference between samples from cultures that were induced for 5 or 15 min, indicating that a steady state of lacZ transcription had nearly been reached within 5 min of induction. The predominant band seen at steady state is that of the approximately 3,100-nucleotide band corresponding to the lacZ mRNA; there is less of the 5,200-nucleotide full-length lacZYA mRNA. The full-length band is consistent with our finding that the major 3' RNA endpoint at the end of the operon lies about 100 bases beyond the lacA gene (13) . Just below the lacZYA band can be seen a lacZY species. It can be identified by size (ca. 4,500 bases) and failure to hybridize with the lacA probe (Fig. 2C) . The lacZY and lacZYA species can also be seen, however faintly, with lacY probes (Fig. 2B) ; they are obscured by the background of growing and decaying chains (see below).
The relatively distinct bands of lacZ, -ZY, and -ZYA species in Fig. 2A are superimposed on a significant background of mRNA fragments. These fragments presumably represent mRNAs that were growing or decaying or mRNAs that were degraded in the course of RNA purification. That purification degraded a negligible fraction of the molecules is shown by the fact that the band patterns were gene specific. For example, when the lacZYA-ZY region was probed with a lacA probe (see below and Fig. 2C ), only the lacZYA band was detected.
In fact, on the blot shown in Fig. 2A , the mRNA fragments detected with the 5'-Z probe that run ahead of the different distinct bands are largely growing transcripts because the 5' end of the lacZ mRNA is removed first during decay (5) , as demonstrated below. The significant amount of lacZ fragments compared with the amount of lacZ mRNA is consistent with the fact that the time of synthesis of lacZ mRNA (about 80 s for 3,100 bases) is about the same as its half-life (105 s [17] ).
To quantitate the relative amounts of the mRNA species, densitometric scans of the autoradiograms were carried out. Integration of the peaks from Fig. 2A indicates that there is approximately 10-fold more lacZ messenger than lacZYA messenger. Thus, from the results of the Northern blots, we conclude that the majority of the lac mRNA molecules are terminated or cleaved in the lacZ-Y intercistronic region. Cleavage of the lacZYA mRNA to produce monocistronic lacZ-containing species has been demonstrated previously (18, 21) .
When an identically prepared blot was probed with the lacY probe, species varying from about 3,300 bases to full-length lacZYA mRNA were seen to predominate (Fig.  2B, lanes 3 and 4) . The 1-min sample did not hybridize with the lac Y probe and lac Y transcripts (greater than 3,200 bases in length) could only be detected after 1.5 min of induction (not shown). Allowing 10 s for induction lag, this is consistent with a rate of transcription of about 40 nucleotides per s. As expected, the 3,100-base band identified as lacZ mRNA did not appear. However, a similarly strong and distinct lacZ band was detected when gels were probed with the adjacent 3'-Z probe ( Fig. 1) (27a) . From this finding, we conclude that the 3' endpoint of the lacZ message lies close to or in the lacZ-Y intergenic space, consistent with our S1 mapping of the 3' end (see below).
If the lacZYA transcript is cleaved to yield a lacZ species, one would also expect to find lacYA and possibly lacY messenger present. A small amount of lac YA message could be detected with the Y probe (Fig. 2B) and also with the A probe (Fig. 2C) . It ran between the two rRNA markers, in accord with its predicted length of 2,000 bases. Remarkably, there was only the smallest amount of lacY mRNA species detectable. lacY mRNA, about 1,300 bases, should migrate ahead of the 1,541-base 16S rRNA. To confirm this finding, we used a second lacY-hybridizing probe, a synthetic deoxyoligomer extending from 3518 to 3567, and obtained an identical result (results not shown). In addition, to exclude the possibility that a band was obscured by the 16S rRNA, a series of gels, probed with the Y probe, was run in which the agarose concentration and conditions of denaturation were altered (34a). Figure 2C shows an identically prepared gel that was probed with an A probe. An abundant monocistronic lacA mRNA is clearly visible in addition to the polycistronic species. Electrophoresis of samples on 1.2% gels indicated that there were two lacA species at this position; they were approximately 600 to 700 bases in length, which suggests that they represent the lacA transcript with and without the 100-base extension to the predominant lac end that we mapped previously (13) . Figure 2 shows the distributions of the different lac mRNA species. Present are lacZYA, -ZY, -YA, -Z,-Y, and -A messages. All except the lacY and -YA species formed distinct, strong bands.
The lacZ mRNA. To characterize the lacZ message, we mapped the 5' and 3' ends. The 5' end of the predominant lac species in the cell has been previously determined to coincide with the start points (residues Al and A2) of lac transcription in vitro, and we have confirmed this by primer extension analysis (5; 37a) . The 3' end was determined by Si nuclease mapping. The results (Fig. 3) 30 and 60 min, respectively, with S1 nuclease; M, size markers (HaeIII digest of nick-translated pBR322; positions indicated in nucleotides on the left). The protected band is indicated by an arrow.
In vitro and in vivo assessment of transcriptional termination. The lacZ endpoint (Fig. 3) is located approximately 8 bases beyond the base of the stem-loop sequence that is a potential transcriptional terminator (Fig. 4) . Rho-independent termination sequences are characterized by a G+C-rich dyad followed by a sequence rich in U's in the RNA transcript (38) . This finding opens the possibility that transcriptional termination contributes to the formation of the lacZ species. Alternatively, such stem-loop sequences have also been shown to protect mRNAs from attack by 3' exonucleases (Discussion). Thus, it is possible that the 3' end of the lacZ mRNA is the consequence of the cleavage of the mRNA distal to it.
To determine whether the intergenic sequence can func- tion as a terminator, a fragment containing this region was subcloned behind the lambda PR promoter (Fig. 5 ) and transcribed in vitro with E. coli RNA polymerase (Fig. 6) . On a superhelical template, termination occurred at a single site, close to that observed in vivo (ca. residue 183 in Fig. 5 ).
No termination was observed with a template possessing an inverted intergenic sequence. On a template linearized by SphI cleavage, termination at the intergenic site was 5 to 10% of the 764-base runoff transcript, but there was also significant random termination (not shown). Addition of rho factor did not measurably alter the results with either template.
To assess the extent of termination in vivo, three fragments that span part or all of the lacZ-Y intercistronic region were purified and inserted into a derivative of pKO6 as described in Materials and Methods. Plasmid pKO6 functions as an expression vector in which promoters and terminators affect expression of a galK gene located downstream of a convenient cloning site (23) . Both the wild-type and mutant L8/UV5 lac promoters were introduced upstream of the galK gene in combination with the various (underscored) . The end of the lacZ transcript mapped in Fig. 3 is at Kinetics of lac mRNA accumulation in vivo. To confirm the result discussed above and to demonstrate directly the formation of the lacZ transcript by cleavage, the kinetics of accumulation in vivo of the 3,150-nucleotide lacZ mRNA were determined. Cells were induced with IPTG, and 1 min later rifampin was added to prevent further transcriptional initiation. Cells were harvested at that time and at timed intervals thereafter. The RNA samples were then analyzed by Northern blot analysis, using the 5'-Z probe. After the addition of rifampin, the nascent molecules grew in length (Fig. 7) ; the small fragments (<3,100 bases) disappeared, consistent with their being largely composed of growing rather than decaying chains, as mentioned above. Most important, the wave of growing transcripts largely passed through the lacZ-length region (Fig. 7, lane 2) to form full-length lacZYA molecules (lane 3). We estimate that not more than 10% of the transcription complexes terminate in the lacZ-Y intergenic region. During the subsequent minutes (lanes 4 to 6), the lacZ message persisted while the lacZYA message rapidly disappeared. This finding underlies the observation that in steady state there is more lacZ message than lacZYA message (Fig. 7 , lane 4 versus lane 8; Fig, 2A , lane 4).
To determine whether termination might be observed under other conditions, we examined the lac transcripts of E. coli strains carrying RNA polymerase mutations that result in enhanced or diminished termination by rho-independent terminators (11) . When RNAs from these strains were analyzed on Northern blots, no significant difference in the relative abundance of proximal and distal transcripts was seen with either the 5'-Z or 5'-Y probe (data not shown).
DISCUSSION
We have determined the distribution in the cell of the several species of lac operon transcripts and confirmed that the individual cistronic messengers are formed by cleavage of the polycistronic transcript. In addition, we examined in some detail a rho-independent terminator located in the lacZ-Y intergenic region. We conclude that it does not function significantly in normally growing cells.
Transcription and cleavage of the lac mRNA. In prior work, Lim and Kennell were able to determine that the lacZYA transcript was cleaved to form a distinct lacZ mRNA species and several other species, as deduced from their sizes and from hybridization with a lacZYA, -Z, or -YA probe (21) . Distinct lac Y or lacA species were not identified. In the work reported here, the greater resolution of Northern blot hybridization along with the use of specific probes allowed us to extend their findings. We are able to detect lacZ, -Y, -A, -ZY, -YA, and -ZYA species. Although it is difficult to make precise quantitative comparisons between the blots examined with different probes, the relative abundance of the species was found to be lacZ -lacA > lacZYA = lacZY > lacYA > lacY. The virtual absence of discrete lacY and lacYA messages indicates that following their formation by cleavage from the lacZ transcript, the lacY-containing species are rapidly degraded.
Measurement of the time course of appearance of the individual lac transcripts clearly shows that they are cleaved from the lacZYA transcript. However, it appears that transcription of the full-length species need not be complete for cleavage to occur; some cistronic lacZ mRNA can be detected prior to 2 min. The appearance of lacZY and lacYA species, with the monocistronic species, implies that the In prior work, Lim and Kennell showed that isolated lac messages which were one-sixth and one-third the size of full-length message had reduced ability to form translationinitiation complexes. From this, they argued that the intergenic cleavages inactivate the distal cistronic transcripts (21) . Our observations indicate that after initial cleavage in the lacZ-Y intergenic region, secondary cleavages occur very rapidly. Moreover, while it seems likely that the cleavage that separates the lacZ and lacY transcripts concomitantly inactivates the lacY mRNA, it is also possible that a secondary event is required. We are currently analyzing the inactivation of the lacA mRNA, since the greater abundance of the mRNA promises to make this question easier to examine. The presence of a strong lacA band on the blots suggests that this species may be translationally active. On the other hand, there is evidence that the lacY and lacA messengers in the cell decay at the same rate, each at twice the rate of the lacZ mRNA (7) . This finding suggests that the lacA species that we observe is also inactive but not subject to so rapid a chemical decay.
Recently, Cannistraro et al. mapped the ends of the lac messenger species in the lacZ-Y region (7). They found that the 5' ends of molecules representing lac Y transcripts were distributed over a substantial number of discrete sites varying in abundance. This distribution of 5' cleavage sites is consistent with a model in which decay of the lacY mRNA either follows quickly after a preferential cut close to the lacZ-Y region or is the result of a process in which cleavage of the lacY messenger can occur throughout lacY. Either model is consistent with our finding that lacY and lacYA mRNAs are in low abundance.
In the same work, Cannistraro et al. (7) also mapped the 3' ends in the lacZ-Y region by using S1 analysis in much the way that we have. In contrast to our finding of a single, strong band for the 3' end of lacZ mRNA at approximately position 3150, they found numerous bands in the lacZ-Y region, including a minor band at about 3150 (89 in the numbering of Fig. 1 of reference 7) . In addition, in the context of our earlier report that there was a potential termination sequence at this site (28), they also examined indirectly whether termination occurred at this site relative to the other sites. They concluded that termination did occur at this site but that it was of minor importance in forming the lacZ mRNA because this site was minor relative to the many cleavage sites. We agree with this conclusion. However, it is not altogether clear why they observe so many different 3' ends on the lacZ messenger. Nonetheless, the two observations are not necessarily mutually exclusive. It is possible that cleavage initially occurs distal to 3150 and that 3' exonucleases shorten the lacZ mRNA to ca. 3150 (see below). Thus, in situations in which different times of induction or different strains were used, the ends obtained might vary. The discrete lacZ band that we observe on Northern blots (e.g., Fig. 2A Our observations confirm an earlier study by Lim and Kennell (20) . Their work, however, does not entirely rule out termination because it is based on quantitative estimates of the amount of proximal versus distal lac messenger, and the relative gene sizes used in their calculations were almost twofold different from those now established by DNA sequencing (Fig. 1) . Similarly, Cooper and Magasanik found that the proximal and distal lac mRNAs were present in equal amounts (9) ; they, however, did not take into consideration the different half-lives of the species (7).
In a prior report, we suggested that termination might occur within lac (28 (37) .
In addition, Holben and Morgan (15) reported that lacA expression is increased when lac is transcribed from a fusion with the rrnC promoter and leader region; the rrn leader possesses antitermination sequences (15, 16) . Utilization of the rrnC promoter was shown to increase production of transacetylase relative to P-galactosidase by 9.6-fold (15 (7) . A second possibility is that it stabilizes the lacZ mRNA against the activities of 3' exonucleases, an inference for which we now have direct evidence (19a) .
Hairpin structures located at the 3' end of several bacterial transcripts have been shown to stabilize the upstream mRNA (14) . For example, the stem-loop contained in the trpAt terminator appears to prevent exonucleolytic decay of the trpA messenger (25) . trpAt encodes a structure that strongly resembles the lacZ structure ( Fig. 4A; Fig 2 of reference 28) and similarly has been shown to be a weak terminator in vitro and in vivo. Also, another strong stemloop structure is present just distal to the lacA gene (13) . Stem-loop structures are also formed by rep (repetitive extragenic palindromic) sequences (14) , one of which is present in the lacY-A intergenic region (13) . Such sequences are found in the extragenic regions of many operons and have been directly shown to stabilize upstream transcripts (14) . Thus, strong stem-loop sequences are located distal to each of the three lac genes. Their function appears to prevent 3' exonuclease degradation of the upstream coding regions.
